Thermal management describes measures that result in the improved engine or vehicle operation in terms of energetics and thermo mechanics. In this context the involvement of the entire power train becomes more important as the interaction between engine, transmission and temperature sensitive battery package (of hybrid vehicles or electric vehicles with range extender) or the utilization of exhaust gas thermal energy play a major role for future power train concepts.
INTRODUCTION
The cooling system of current engines must meet requirements defined by optimizations of the engine with regard to consumption and efficiency and by tightened exhaust gas standards. At the same time, conflicting objectives with regard to the vehicle result from the warm-up behavior and the performance required for vehicle heating. In addition to these aspects, the main function of the engine cooling system, i. e. the limitation of liquid and material temperatures, must be guaranteed.
Also the integration of the transmission and of a temperature-controlled battery package (for hybrid and electric vehicles) into the cooling system and the utilization of exhaust heat energy (e. g. in order to shorten the warm-up phase) are becoming increasingly important for future drive concepts.
Moreover, when considering the tendency that an engine is used in different vehicle categories with different external cooling system components, the complexity of the development of cooling systems and consequently the increased testing work involved until series production becomes clear. Due to the circumstances described above, FEV has created a modular virtual development tool with the help of which different cooling system topographies, control strategies of various kinds, and the effects of thermal management measures on fuel consumption of an engine can be quantified in the test cycle without having to carry out complicated vehicle examinations.
SIMULATION MODEL
Based on the one-dimensional simulation program GT-Suite, FEV has developed a simulation model for analysing optimisation measures already during vehicle and engine development and for integrating these changes even before the cost-intensive hardware testing phase. In order to be able to successfully simulate a cooling system test under hot conditions in a transient mode, the simulation model contains the following essential elements:
 Description of the heat flows into the oil, coolant, and/or refrigerant  Interaction between coolant, oil, refrigerant, e. g. oil heat exchanger, chiller, exhaust heat exchanger  Vehicle cooling system including the hydraulic characteristics and thermal inertias  Air path through the cooling module and the engine compartment including fan control  Additional heat sources in the air path, such as heat input by AC condenser and/or charge air cooler  Description of the air mass flow and airflow velocity through the engine compartment with the aid of measurements (from the FEV database) or underhood flow calculations with regard to engine compartment air flow (by means of 3D CFD or GT-Cool 3D)
Moreover, the simulation model takes all relevant vehicle data into account, such as drag coefficient, vehicle mass, transmission data, and ambient conditions.
The result of the simulation are time curves of the coolant flows, coolant temperatures, air mass flows through the cooling module, air temperatures in the cooling module, but also engine-related calculation results such as mean flame deck temperature and cylinder wall temperatures which can be used for defining maximum tolerable temperatures during the tests following at a later stage or for defining fan control strategies. The model can also be used to define and test future control strategies for the cooling system which may also contain material temperatures as control parameters.
The following items must be considered for a detailed calculation of the engine-related heat flows and the resulting material and fluid temperatures: The overall model is subdivided into several components and submodels, respectively.
MAIN MODEL INCL. COMBUSTION ENGINE
The main model shown in Fig. 1 comprises the thermodynamic behavior of the engine. The heat input into the piston, the cylinder wall, the cylinder wall, the cylinder head, and the exhaust passages are described by applying Woschni's equation and empirically determined functions. Results from numerous energy balance measurements carried out at FEV and stored in a database were used for a comparison. Another element of the main model is a vehicle model containing all relevant data such as drag coefficient, front surface, vehicle mass, mass of load and passengers, transmission data, etc. The engine operating point is calculated on the basis of the performance requirements of the vehicle which, in turn, depend on the selected driving profile. Finally, also the road conditions such as upward/downward slopes or increased rolling resistance due to road surface and weather conditions (temperature, head wind) are taken into account for calculating the driving power of the vehicle.
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Figure 1 -Structure of the simulation model (main model)
The engine is subdivided into partial masses in order to describe the thermal inertia. The cylinder head is divided into the flame deck and the outer cylinder head. The engine block is divided into the cylinder liners and the outer section separated by the coolant. Furthermore, the thermal inertias of the piston group and of the main bearing tunnel are taken into account as individual masses. This is also where the heat transfer to the engine oil is described. Moreover, the convective losses to the environment are described in the outer parts of the engine, such as outer cylinder block and outer cylinder head.
FRICTION MODEL
This part of the model includes the friction losses of the engine as a function of the engine operating point and the friction-relevant oil and water temperatures. The friction coefficients taken into account in the simulation model (cf. by way of example Figure 2 : Friction torque of the piston group as a function of the engine speed and the cylinder liner temperature) are based on the motored friction measurements carried out at FEV in accordance with the FEV STRIP method. This standardized procedure allows the measurement of motored friction for individual engine parts, such as valve train, crankshaft, piston group, and auxiliary drive as a function of speed, oil temperature, and coolant temperature. In the Strip friction test, the individual engine components are removed step by step, measuring the friction power each time. Subsequently, the friction losses of the individual components can be determined based on the difference of the individual measurement results.
Figure 2 -Determination of the friction maps by means of friction measurement (FEV Strip method) or empirical friction estimation with the aid of the FEV friction database
For engines the friction of which has not been metrologically examined or for new engines which do not exist in the form of hardware yet, friction can be estimated by means of empirical formulas on the basis of the engine and component dimensions. The basis of the friction estimates are engines with similar geometries from the FEV friction database which currently contains more than 400 series engines and is constantly updated.
For the piston group, a friction correction as a function of the engine load is included in the friction model. The correction is based on measurements carried out with the FEV measuring system PIFFO (Piston Friction Force) or with mappings from the FEV database. The measuring principle allows a metrological analysis of the friction force of piston rings and piston skirt at the cylinder liner in fired engine operation. Moreover, this measuring set-up can be used to determine the impact of different cylinder liner materials or different treatments of bearing surfaces. Friction correction for piston friction is required since the motored friction examination (according to the Strip friction method) is carried out with open cylinders, and therefore friction is not available as a function of the cylinder pressure level.
OIL CIRCUIT MODEL
The oil circuit model is simplified and serves to describe the thermally relevant oil volume flow rates through the cylinder head, through the main and conrod bearings, and through the piston injection nozzles. The oil volume flow rates are stored in the model as mappings as a function of engine speed and oil temperature and are calculated in advance by means of a 1-dimensional oil system simulation of the engine. For this purpose, the oil volume flow rates in the oil system are calculated in advance for the speed range of the engine and within a temperature range from -20 °C to 150 °C.
The simplified map-based oil circuit model serves to simulate the heat flows into the oil caused by friction and the heat release of the engine components (piston and cylinder liner). The calculation algorithms are based on empirical approaches, which resulted from energy balance and piston temperature measurements. The heat is released from the oil to the coolant (if available) via the oil/coolant heat exchanger and via the convection at the oil pan.
The transient calculation of the oil temperature, and therefore also the simulation of the current engine friction are absolutely required for the simulative assessment of different thermal management measures, and therefore constitute a core competence of the FEV thermal management model.
SUBMODEL "CONTROLLING"
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This submodel can be used to develop control strategies and to examine their impact on the behaviour of the engine, the vehicle, and the cooling system. The control strategies are built up from logical basic functions and P-, PI-, or PID-controllers, and control for instance the behaviour of parts of the cooling system as a function of coolant temperature or engine load. Among the classical components in this submodel are: 
SUBMODEL "AUXILIARY DRIVE"
This submodel is used to describe the mechanical drive of the coolant pump, the fan and the generator with efficiency and transmission ratio. In the case that the fan and the coolant pump are electrically driven, the electrical load is connected to the generator and leads to an increased load on the combustion engine. Figure 3 shows the communication or data exchange between the different submodels.
COMMUNICATION BETWEEN SUBMODELS
Figure 3 -Communication between the submodels
Starting from the "main model", where an effective engine operating point is calculated as a function of the load requirement of the vehicle, the engine friction is calculated in the submodel "Friction" as a function of the engine speed and the current temperatures; this calculation then leads to the determination of the indexed engine operating point. The heat flow from the working gas into the structure and the resulting heat flow in the coolant and the oil are calculated based on the indexed engine operating point. Based on the calculated temperatures, the components are influenced as a function of the control strategy in the submodel "Controlling" and increase the required engine output when for instance the fan is energized by the viscous clutch.
COMPARISON BETWEEN CALCULATION AND MEASUREMENT
Particularly suitable for a comparison of calculated and measured values are transient driving cycles, since they provide the best overview of the performance of the model. A 1.6L 4-cylinder gasoline engine with a 5-speed manual transmission in a vehicle of the B-segment is used as a basis for the comparison between calculation and measurement. whether the thermal inertias in the model have been represented correctly, while in the later part of the cycle which is stationary in relation to the water temperature, the correct calculation of the heat input into the engine as a function of the engine operating point becomes clear. Figure 5 shows a comparison between measured and calculated fuel consumption levels, separately for the entire driving cycle, the urban, and the extra-urban part. The simulation and the measurement correspond very well. The maximum deviation is less than 2% and is therefore on the same level which may result due to the driver's influence during the roller test.
Figure 5 -Comparison between calculated and measured fuel consumption
Moreover, in Figure 6 , the measured mean material temperatures at the cylinder liner and cylinder head are compared with the simulated results in an exemplary fashion for the second cylinder in the NEDC cycle. This comparison makes it possible to assess the heat flow distribution between oil and coolant as a function of time at different temperature levels between simulation and measurement. Again, the good correspondence confirms the high quality of the simulation model.
Figure 6 -Comparison between calculation and measurement: Mean component temperature
Also the measured coolant volume flow rates through the radiator and the heater shown in Figure 7 are rendered very accurately by the simulation model.
Figure 7 -Comparison between calculation and measurement: Coolant volume flow rates
Although the very detailed illustration of friction for all engine components as a function of the locally prevailing marginal temperature conditions involves more effort in developing the model on the one hand, it also makes it possible to separately analyse the friction mean pressure of all components as shown in Figure 8 , on the other hand.
Figure 8 -Typical results: Friction mean pressures of the individual engine components
This is the key to success with assessing different thermal management measures and, most of all, for the combination of several measures. The reasons why thermal management measures as for instance "split cooling" are almost ineffective in some engines can only be found when examining the individual shares of friction in engine warm-up. In the example shown, the reason for this is that the friction advantage of the piston group is almost compensated during the warm-up phase by the increased mixed friction during idle running in warm condition (see marked area in Figure 8 ). In order to be able to achieve the theoretical potential of split cooling, mechanical optimisation of piston group friction is absolutely required in this case.
All of the illustrated comparisons show a very good correspondence of measured and calculated values and document the high accuracy of FEV's 1D thermal management model. The latter allows an advance calculation of the maximum coolant and oil temperatures for a hot test of the cooling system and the examination of thermal management measures with regard to the success in relation to a reduction of fuel consumption in all imaginable driving cycles, partly also those required by law. The model is provided with additional functionalities in particular for the calculation of fuel consumption in order to be able to reproduce e. g. warm-up strategies for catalyst heating, since these, among other things, have a great impact on the correct calculation of fuel consumption and therefore also on the assessment of efficiency of thermal management measures, even before new engines, transmissions, or cooling systems exist as hardware.
Since the simulation tool is particularly suitable for calculating transient driving cycles, the simulation of vehicle cooling system tests under hot conditions or also of full load runs with cold engine would seem to be the obvious thing to do. This can be done virtually already during the development phase, before any prototypes are available. The main intention is to reduce development times and thereby also development costs, since based on the results of the calculations, it is possible to make a preliminary selection of the cooling system components, thereby considerably reducing the number of physical tests on the test bench.
Figure 9 -Simulation of engine compartment air flow
In order to be able to use the thermal management model for cooling system simulation under hot conditions, the simulation model can be provided with some additional components such as an A/C condenser and/or charge air cooler in the air path of the radiator or gearbox oil cooler. Another important influencing factor for the quality of the calculation results is the correct reproduction of the air path through the cooling module and the engine compartment. Information about this is available from the 3D underhood flow calculation or from a coupled GT-Cool 3D simulation (cf. Figure 9) . The most accurate possible reproduction of the air path is extremely important, in particular with electric and hybrid vehicles (see chapter 5). Optimisation measures on the air path which may have a positive effect on oil and coolant temperatures and the impact of which can be calculated very quickly with the simulation tool are for instance: It is also possible to examine the use of additional heating systems for a shortened warm-up phase or an increase of the heating capacity of the cabin heater and the feedback to fuel consumption due to a higher load on the generator, as it is caused by additional electric heaters.
Sophisticated thermal management creates in particular significant reduction potentials with regard to fuel consumption and the fulfilment of future emission regulations and fleet consumptions. Since the measurement of advantages of thermal management measures with regard to consumption requires a complete prototype solution including a review of the engine design, the calculation is a very effective and cost-efficient way for examining thermal management measures and determining future steps of development. The examinations are based on a very well calibrated basic model of the vehicle or engine, respectively, which corresponds to the measured values both of the material and fluid temperatures and of fuel consumption throughout the entire driving cycle. Figure 10 shows the marginal conditions for the thermal management simulations carried out in this chapter. The basis is a 2.0L 4cylinder gasoline engine with a performance of 110 kW and a 6-speed manual transmission. The powertrain is mounted in a compact SUV and a vehicle of the C-segment, each with a different gear ratio, vehicle mass, and drag coefficient. The driving cycles taken into consideration were the NEDC and the more customer-oriented Auto Motor Sport cycle (AMS) with its higher share of long-distance driving and more than 8 times the distance covered.  The engine oil cooler and the gearbox oil cooler are heat sinks and serve to redistribute the heat in the system. Due to the redistribution during warm-up, the efficiency of heat utilisation in order to reduce friction is increased.
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 The stop/start system is not a thermal management measure per se. This system reduces the mechanical work of the engine to the level actually required for progression.
The result of the consumption reduction presents itself in accordance with the characteristics of the individual measures (see Figure  11 ). Immediately after the start, the integrated exhaust manifold (IMan) leads to a reduction of consumption due to the faster increase of coolant, oil, and component temperatures. The maximum of approx. 2.5% is reached after approx. 140 s. After that, the difference in temperature to the basis and therefore the friction advantage becomes smaller, and in the end of the NEDC cycle, integral fuel savings are approx. 0.6%.
Figure 11 -Consumption advantages of different thermal management measures in the NEDC for the compact SUV
The integration of gearbox cooler (GOC) and engine oil cooler (OC) leads to a slower increase of coolant temperatures, which is reflected in an increase of consumption of approx. 0.5% during the first 180 s. After that, the advantages of redistribution of heat with faster increasing gearbox oil and engine oil temperatures prevail. In the end of the NEDC cycle, the consumption advantage due to the additional engine oil cooler amounts to 0.9%, and for the gearbox oil cooler to approx. 2.2%. These results, however, very strongly depend on the heating behaviour of the basic engine.
The use of a map-controlled thermostat results in a consumption advantage of approx. 0.9% in the end of the NEDC cycle. Since this measure constitutes neither a heat sink nor a heat source, the effect starts only after opening the basic thermostat, and has no impact during warm-up. This result, too, strongly depends on the heating behaviour of the underlying combustion engine. The sooner the warm-up phase is finished, the greater is the consumption advantage caused by a map-controlled thermostat.
The stop/start function can only be used after the heating of the emission reducing components. Therefore, there is no consumption advantage during the first 200 s of the cycle. After that, the advantages increase with each idle running phase in the cycle. In the end of the ECE periods, fuel savings of distinctly above 6% are achieved. Since there are almost no idle running phases in the EUDC part of the cycle, the percentage advantage decreases to approx. 4.5% in comparison to the basis in the end of the NEDC cycle. It becomes clear from the measures shown here that the effectiveness of thermal management measures strongly depend on the basic engine. Therefore, an optimal thermal management strategy has to be developed and examined for each new engine. Figure 12 shows a summary of the consumption potentials of the combinations of the individual measures described above and for two vehicle categories with the same engine. The gear ratio of the vehicle of the C-segment was adjusted accordingly.
The proportional consumption potentials for the lighter vehicle from the C-segment are slightly higher for the individual thermal measures. The reason is the lower engine load and therefore the slower warm-up of the basic engine. Moreover, it appears that the combinations of an additional heat source (integrated exhaust manifold, IMan) and heat sinks (engine oil cooler OC & gearbox oil cooler GOC) lead to particularly high consumption savings (up to 4.8% for the vehicle from the C-segment). The additionally generated heat is transferred via the coolant through the oil heat exchangers from the gearbox and the engine to friction-relevant places. The map-controlled thermostat (MCT) additionally increases the temperature level to an optimal level with regard to overall engine friction. 
Figure 12 -Combination of various thermal management measures in the NEDC
In addition to the effectiveness of thermal management measures in the NEDC cycle and consequently on the fuel consumption figures in the catalogue, there is the question which measures also the customer would have a noticeable benefit from. For this purpose, some thermal management measures were examined in the AMS cycle (Auto Motor Sport cycle). Essentially, the AMS cycle is clearly more dynamic and in particular longer (91 km as compared to 11 km) than the NEDC cycle (see Figure 13 ). Therefore, measures such as the integrated exhaust manifold which only lead to faster heating have only minor effects in the AMS cycle, since the warm-up phase is very short in relation to the entire cycle.
Figure 13 -Effect of different driving cycles on the effectiveness of thermal management measures for the compact SUV
The use of the integrated exhaust manifold in combination with the map-controlled thermostat, on the other hand, leads to a consumption advantage of more than 1% also in the AMS cycle. At the same time, the major share of this is attributable to the optimal (higher) temperatures due to the map-controlled thermostat.
The package of measures consisting of integrated exhaust manifold (additional heat source), oil heat exchangers (optimal distribution of heat flows), and map-controlled thermostat (optimal temperature adjustment) leads to a consumption advantage of almost 2% in the AMS cycle which is also noticeable to the customer. In this case, it is essentially the improved heating of the gearbox which has a consumption-reducing effect.
COOLING SYSTEM DEVELOPMENT IN HYBRID AND ELECTRIC VEHICLES
In comparison with conventional vehicle drives, currently existing hybrid or electric vehicles or those in the test phase have additional components other than the combustion engine requiring cooling, or components partly requiring heating with cold ambient temperatures:
 Due to the clearly different temperature levels, hybrid vehicles require additional cooling circuits for the electric propulsion motor, the electric components, and the traction battery. The main focus is on the control of the respective limiting temperatures under all occurring operating conditions in order to prevent failure or premature aging of the components.
Figure 14 -Complexity of the cooling circuits of electric and hybrid vehicles
In contrast to the combustion engine or the electric/electronic components which are thermally characterised only by a maximum limiting temperature, also the minimum temperature limit plays an important role with the traction battery with regard to function and working life. Figure 14 shows the structure of a cooling circuit of a hybrid or electric vehicle with range extender, consisting of a high-temperature cooling circuit for the combustion engine, a low-temperature circuit for the electric propulsion motor and the power electronics, and a refrigerant circuit for cooling the traction battery and the car interior, respectively. The lithium ion prototype batteries used today are cooled not only by refrigerants, as shown in Figure 14 . Alternatively, also conditioned air drawn from the passenger compartment or an additional cooling circuit with a water/glycol mixture is used for cooling the battery.
Furthermore, especially with plug-in hybrid vehicles, the heating of the battery and of the passenger compartment must be ensured for a cold start at low ambient temperatures, due to the mentioned minimum limiting temperature of the lithium ion batteries on the one hand, and due to corresponding regulations, such as de-icing/dehumidification of the car windows, on the other hand.
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In current internal-combustion powered vehicles, the heat requirement for air conditioning of the interior is covered with waste heat of the drive unit after the warm-up phase. Moreover, a supplementary auxiliary electric heating system (PTC) is usually available in order to guarantee the comfort and safety functions during engine warm-up. Especially during short trips which, according to statistics, constitute the most frequent use also of conventional vehicles, the heating requirement is usually covered by PTC elements, a fact which has an impact on the overall efficiency of the vehicle.
Figure 15 -Thermal battery simulation and connection to the 1D thermal management simulation
Due to the high complexity, a minimization of the use of energy-intensive auxiliary units for ensuring the thermal requirements in plug-in hybrid vehicles can only be achieved by suitable simulation methods. On the one hand, the efficiency of the overall concept can be improved by optimized thermal management. This has positive effects on the range of the vehicle, on the CO2 emissions, and on the specific consumption costs.
As shown in Figure 15 , the thermal management simulation model forms the interface to the very detailed 3D thermal simulation of the battery cell and of the entire battery module, respectively. By means of the 1D simulation, driving conditions or cycles critical for the traction battery of the hybrid vehicle can be pointed out. In addition, couplings and interconnections of the individual circuits (high temperature, low temperature, and air conditioning circuit) can be provided and their effectiveness can be analyzed very easily in the simulation model, for instance in order to warm up the traction battery at low ambient temperatures by means of the waste heat from the range extender or electric motor, or to support the heating of the passenger compartment, e. g. by a PTC heater. The thermal management model described in this article can therefore also provide an answer to the most varied questions with regard to the cooling system topography or control strategy of hybrid and electric vehicles before the vehicle exists at all.
SUMMARY
The thermal management model developed by FEV on the basis of the commercial 1D simulation program GT-Suite provides an efficient tool for purposeful development of effective thermal management strategies for the complete power train. An intensive comparison of the model with numerous measurements and benchmark data guarantees high quality for advance calculation.
The effectiveness of different thermal management measures with regard to a reduction of fuel consumption was analyzed by means of cycle simulation for the sample engine with the following result:
 Map-controlled thermostat with approx. 0.9% savings  Stop/start function with approx. 4.5% savings  Engine and gearbox oil cooler with approx. 2.9% savings  Combination of integrated exhaust manifold and oil coolers up to approx. 4.8% savings The thermal management model of FEV was extended by the description of future electric power train components and can therefore provide answers to the most varied questions with regard to the cooling system topography or control strategy of hybrid and electric vehicles.
